It is difficult to overstate the cultural and biological impacts that the domestication of plants and animals has had on our species. Fundamental questions regarding where, when, and how many times domestication took place have been of primary interest within a wide range of academic disciplines. Within the last two decades, the advent of new archaeological and genetic techniques has revolutionized our understanding of the pattern and process of domestication and agricultural origins that led to our modern way of life. In the spring of 2011, 25 scholars with a central interest in domestication representing the fields of genetics, archaeobotany, zooarchaeology, geoarchaeology, and archaeology met at the National Evolutionary Synthesis Center to discuss recent domestication research progress and identify challenges for the future. In this introduction to the resulting Special Feature, we present the state of the art in the field by discussing what is known about the spatial and temporal patterns of domestication, and controversies surrounding the speed, intentionality, and evolutionary aspects of the domestication process. We then highlight three key challenges for future research. We conclude by arguing that although recent progress has been impressive, the next decade will yield even more substantial insights not only into how domestication took place, but also when and where it did, and where and why it did not. evolution | selection | agriculture | human ecology | human history
The domestication of plants and animals was one of the most significant cultural and evolutionary transitions in the ∼200,000-y history of our species. Investigating when, where, and how domestication took place is therefore crucial for understanding the roots of complex societies. Domestication research is equally important to scholars from a wide range of disciplines, from evolutionary biology to sustainability science (1, 2). Research into both the process and spatiotemporal origins of domestication has accelerated significantly over the past decade through archaeological research, advances in DNA/ RNA sequencing technology, and methods used to recover and formally identify changes in interactions among plants and animals leading to domestication (2-4). In the spring of 2011, 25 scholars with a central interest in domestication and representing the fields of genetics, archaeobotany, zooarchaeology, geoarchaeology, and archaeology met at the National Evolutionary Synthesis Center to discuss recent progress in domestication research and identify challenges for the future. Our goal was to begin reconsidering plant and animal domestication within an integrated evolutionary and cultural framework that takes into account not just new genetic and archaeological data, but also ideas related to epigenetics, plasticity, geneby-environment interactions, gene-culture co-evolution, and niche construction. Each of these concepts is relevant to understanding phenotypic change, heritability, and selection, and they are all fundamental components of the New Biology (5) and Expanded Modern Evolutionary Synthesis (6) .
This PNAS Special Feature presents a collection of papers emanating from that meeting. Some evaluate past evidence and views on fundamental aspects of plant and animal domestication and offer a consensus perspective through the lens of more recent empirical findings and ideas. Others explore how best to investigate challenging research questions. All of the papers provide examples of how domestication research has illuminated, and will continue to enrich, our understanding of evolutionary and cultural change. In this introduction to the Special Feature, we present an outline of what is currently known about the pattern and process of domestication and we discuss foundational issues in domestication research, both in general and in light of the collected contributions. We conclude with a summary of outstanding questions and challenges.
Spatial and Temporal Patterns of Domestication
The beginnings of plant and animal domestication related to food production began globally 12,000-11,000 y ago at the end of the most recent ice age and during the transition to the Present Interglacial Period (7) (Figs. 1 and 2). Although often characterized as rapid and the result of explicit human intention (8, 9) , domestication is a complex process along a continuum of human, plant, and animal relationships that often took place over a long time period and was driven by a mix of ecological, biological, and human cultural factors (2, 3). The process encompassed a wide range of relationships, from commensalism/mutualism to low-level management, and directed control over reproduction (10, 11) , although these stages did not necessarily progress in a ratchet-like fashion from wild to domestic.
The addition of a human selective component on top of a natural selection regime has enhanced the power of domestication to reveal insights into long-standing evolutionary issues, including those highlighted below. Although we eschew one-size-fits-all definitions for either plants or animals, domestication can be generally considered a selection process for adaptation to human agro-ecological niches and, at some point in the process, human preferences. Importantly, the wild progenitor species of domesticated taxa must have possessed the potential to live in the context of human ecologies, and to express traits that were favorable for human use, harvesting, and edibility. Finally, the presence of gene flow between populations of domestic and wild plants and animals [and members of the same or closely related but geographically and genetically differentiated domesticated species (12) ] often results in modern populations that appear as if they arose outside the regions where the initial domestication process took place (13) . As a result, it is crucial that researchers carefully evaluate whether multiple domestications of a single species occurred (13, 14) , making sure to reserve the term "domestication" solely for the initial independent process, and to avoid using the term to refer to subsequent admixture that often incorporated genetic and morphological characteristics of wild populations that were never independently domesticated (12, 13) .
An increasingly rich and diverse corpus of data from molecular and archaeological research generated over the past 15 y now makes it clear that agriculture began independently over a much larger area of the globe than was once thought, and included a diverse range of plant and animal taxa (Figs. 1 and 2). At least 11 regions of the Old and New World were involved as independent centers of origin, encompassing geographically isolated regions on most continents, but several more have been suggested ( Fig. 1) (3, 7, 11, 15, 16) . Some of these regions were the sources of major domesticates that spread to adjacent regions, whereas others involved more regionally important species often regarded as "minor" crops today (7, 17) . The combined data also clearly show that two major chronological periods are of greatest interest: the transition to the Holocene from about 12,000-9,000 B.P. (all ages are calendar years before CE 1950), and the middle Holocene between 7,000 and 4,000 B.P. (Fig. 1 ). Dogs were a significant exception and were certainly domesticated in the late Pleistocene before the establishment of agriculture, although both the geographical origins of dog domestication and claims for domestic dogs in~30,000-y-old contexts remain contentious (18) . In the New World, crop domestication occurred thousands of years before animal domestication, whereas the opposite was true in areas such as Africa, Arabia, and India. Some of the asynchronous patterns in individual plant and animal species from different regions may be the result of patchy evidence, as well as the lack of a clear distinction between "primary" (truly independent) vs. "secondary" (e.g., inspired by diffusionary processes) domestication.
Hunting and gathering was the primary subsistence strategy for more than 95% of the time since the origin of Homo sapiens 200,000 y ago (19) . Theories and explanations for why human cultures abandoned this long-term and apparently successful subsistence strategy and turned to food production continue to attract discussion and intense debate. Traditionally, the transition to agriculture was viewed as the result of a few single agents or "prime movers" that operated at the onset of the Holocene. Climate change, human population pressure, and culturally driven alternatives, such as "competitive feasting," are among numerous additional agents proposed by generations of archaeologists (20-24). Simple unidirectional explanations, however, have proved unsatisfying for a number of researchers, and significant tensions remain between camps advocating different explanatory blueprints. The issue poses an important remaining challenge in domestication research (25) (see below).
Early Domestication Stages
The initial stages of the multispecies networks involved in domestication were critical because humans acted as: (i) dispersal agents (managing the reproduction of cultivated plants and controlling the mobility, range and density of domestic livestock); (ii) agents of (conscious or unconscious) selection, favoring the reproductive success of particular behavioral and phenotypic variants); and (iii) ecosystem modifiers, who (along with natural environmental changes) alter the developmental conditions and hence the characteristics of associated organisms.
So what is a domesticated plant or animal and how does it differ from its wild ancestor? From a present-day perspective, it is possible to recognize suites of common traits that make up the so-called "domestication syndrome" (26) (27) (28) , and presumably many of these were key to early selection along the wild-to-domesticated trajectory. In plants, the syndrome is defined by a wide variety of traits that, depending on the species, may include: a reduced ability to disperse seeds without human intervention, reduction in physical and chemical defenses, reduction in unproductive side-shoots, reduction in seed dormancy, bigger seeds, more predictable and synchronous germination, and in some seed-propagated species, bigger and more inflorescences. In animals, these traits include: endocrine changes, increased docility, altered reproduction pattern and output, altered coat color, floppy ears, facial neotony, usually a reduction in size, and other changes in body proportions (26) . Recent genetic and archaeological research, however, has demonstrated that not all of these traits arose at the same time in either plants or animals. In addition, it has been helpful to separate genes that controlled the traits that were under early selection (domestication genes) from those that were selected later to produce diversified and improved crops and animals (improvement genes) (4).
The strength of selection for "domestication syndrome" gene variants and their speed of fixation remains controversial. Although strong selection with rapid evolution of domestication traits within as little as 100-200 y has been suggested (8, 9, 29) , recent archaeological studies have questioned these conclusions, at least for cereal domestication.
A. Southwest Asia
Wheat Table S1 . Letters A-H correspond to those found in Fig. 1 In wheat, barley, and rice, it took ∼2,000-4,000 y to fix the nonshattering spikelet phenotype, a key indicator of cereal domestication (7) . There are other indications in the Near East of long periods of cultivation without morphological evidence of domestication, including specific field weed flora associated with morphologically wild cereals and legumes, and large stores, suggesting reliance on cultivated production of morphologically wild species (30, 31) . Doust et al. (32) show that factors previously underappreciated, such as GxE (gene-by-environment) and epistasis (gene-by-gene) interactions may have been important in slowing domestication rates. A comparison of rates of phenotypic evolution between wild and domesticated species also indicates that, contrary to expectations, evolutionary rates in domesticated species are not generally faster than those observed in wild species (7) . Indeed, selection strengths for some traits are at the same level as the strength of natural selection acting on wild species, or even slightly lower (33) . The evidence for a slow pace of domestication implies a cultural period in agricultural origins called "predomestication cultivation" (PDC) (34) . These periods lasted for many centuries before fully domesticated cereals appeared, as has been inferred from evidence in the Near East and China (7, 31, 35) . Instances of PDC have also recently been documented in northwestern South America (36) . Increasing evidence for PDC goes handin-hand with increasing indications of a nonsimultaneous development of the suite of traits that make up the domestication syndrome, in turn raising questions about when exactly to call archaeological remains "domesticated" and how and in what order the domestication syndrome was assembled.
These factors also make it more likely that crops were independently brought under cultivation more than once, even within a given "nuclear region," then hybridized with cultivated or domesticated plants from other regions to become the domesticated versions we study today (37, 38) . Neither genetic nor archaeobotanical studies can easily sort out these different activities, which has led to increased skepticism of the traditional models that purport rapid events taking place in a single location to explain transitions from wild to domesticated species (39, 40) . In addition, the recent reevaluation of the speed of cereal domestication has led to a renewed discussion of unconscious vs. conscious selection. Charles Darwin was the first to explicitly articulate the difference between conscious selection during domestication, in which humans directly select for desirable traits (called by Darwin "methodical" selection) (1), versus unconscious selection, where traits evolve as a by-product of growth and natural selection in field environments, or from selection on other traits. In rice, for example, glutinous grains most likely arose from conscious selection by certain Asian cultures for this cuisine-prized trait (41) . In contrast, seed nonshattering in cereals is thought to have arisen as a byproduct of stalk-harvesting by sickles or harvest knives, which select for seeds that do not readily fall off the stalk, rather than a result of a conscious strategy associated with beating seed heads into baskets (29) . Other domestication traits in grasses are generally thought to result from unconscious selection, including seed size, seed dormancy, synchronous seed ripening, and apical dominance (27) .
Most domesticated plants are not cereals, and other crops with different domestication syndromes may have had faster rates of domestication once humans targeted them for cultivation, and been more prone to have traits selected by conscious selection. The great cultural geographer Carl Sauer (42) insightfully noted that squashes, beans, and various root crops (along with maize, the premier cereal crop of the Americas) were not mass-harvested and mass-planted, nor likely mass-selected, as the Old World cereals were. Individual harvesting and selection by early farmers, who would be expected to choose and deliberately propagate the crop attributes most useful to them when they could distinguish the useful phenotypes, could foster conscious selection and result in faster fixation of crucial and preferred domestication traits, such as the loss of toxicity and increased size of starch storage organs in tubers and roots. Fruit nonbitterness in squashes and melons, major early domesticates in all regions of the Americas and parts of Asia and Africa may also have been rapidly and consciously selected. For example, botanical remains from human teeth indicate that the loss of fruit bitterness in the squash species Cucurbita moschata took place by at least 9200 B.P., only 800 y later than the first evidence for its domestication. In fact, the loss may have taken place even earlier because the seed traits used to document domestication do not inform fruitflesh characteristics (36, 43) . Arguments for relatively fast, conscious selection have also been made for the important seed dormancy trait in Old World lentils and peas (44) .
What about conscious vs. unconscious selection in animals? Marshall et al. (12) make a compelling case that intentional breeding of females was largely absent during the early stages of domestication for a wide range of species. This theory, along with what probably was considerable gene flow between wild and early managed animals (13) , poses challenges to a number of commonly held assumptions about early domestication in some species relating to interpretations of genetic bottlenecks and molecular sequences more generally, the number of times a species was domesticated, and how various domestication traits emerged and were maintained in the long term. Clearly, many questions persist about the roles of directed vs. undirected selection across the spectrum of domesticated plants and animals.
Research over the past few decades has made it clear that prehistoric humans around the world significantly modified their environments, sometimes before and during the process of plant and animal domestication, and the role of humans in the enduring modification of environments is no longer underestimated (45) (46) (47) (48) (49) . A uniquely important aspect of human environmental modification is the additional role cultural transmission plays in maintaining patterns of enduring local ecologies, resulting in a strongly enculturated ecological inheritance. Because they can often be traced archaeologically, cultural transmission processes have received increasing interest and mathematical modeling in the social sciences (50-52) and are embedded both in practice and in material settings (e.g., terraces, canals, mounding, soil management, lassos, penning, somatic modifications such as castration, foodprocessing tools). Although the process of cultural inheritance differs from that of genetics, it plays a crucial role in maintaining both cultural practices over generations and environments in which domestication and husbandry occurred and were maintained. Human intentionality and knowledge systems must have been key components among the interacting mechanisms within these bio/eco-cultural environments, and cultural transmission provided a basis for the maintenance of cumulative innovation. Traditional ecological knowledge over the longer term has maintained crop landrace diversity, and remains important for biodiversity distribution and ecosystem services more generally (53) .
Genetic and Evolutionary Insights from Domestication
The study of domesticated species has led to increased interest in several important issues in genetics and evolutionary biology, including the underlying genetic architecture of adaptations and parallel evolution. Genetic research is increasingly identifying domestication genes, especially in plants (4) . By contrast, many fewer domestication genes have been identified in animals (13) . With the exception of coat-color genes, genetic variants that can be unambiguously assigned to early stages in domestication in animals have not yet been revealed. There are several possible reasons for this. First, discovering the molecular basis of domestication traits is relatively easy and inexpensive in plants compared with animal populations because early animal selection likely focused on behavioral and other characteristics (such as tameness and altered reproduction), with complex genetic foundations that are more difficult to study than classic morphological traits (54) . Second, there may simply be few domestication loci with major effects in animals. Early animal domestication may have happened by shifting the allele frequencies at many loci, each with small individual effects, thereby altering the phenotype. This scenario would be consistent with the observation that many domestic animals (e.g., pigs) can readily establish feral populations that in many aspects mimic the phenotype of their wild ancestors (55) .
Thus, an important question for both plants and animals is whether the striking phenotypic changes seen during domestication are under the control of single or multiple genes. Thus far, separate studies have identified both single (or few) genes and combinations of numerous genes of small effect, depending on the approach and species in question (4). To some extent, different inferences concerning the genetic architecture of domestication can be because of different methodological approaches. Forward genetic approaches, such as quantitative trait loci (QTL) mapping and genome-wide association studies have the capability of finding multiple loci controlling phenotypic traits, and thus to interpret a domestication trait as under the control of multiple genes (4) . Reverse genetic approaches concentrate on particular genes and cannot, by themselves, discover multiple loci for a particular phenotype. Genes in reverse genetic approaches are often chosen because their mutant phenotypes in model systems, such as chicken, mouse, Arabidopsis, maize, and rice, are analogous to phenotypic differences between wild and domesticated species. It is then possible to ask whether sequence changes in the locus explain phenotypic differences. An example of this approach involves a mutation of the transcription factor ramosa1 (ra1) locus in maize that results in loss of floral branches (56) . Differences in the ra1 locus were later found to be correlated with differences in floral branching in maize and other grasses (57) . However, it is not the only gene involved, as shown by QTL studies that indicated up to five significant QTL regions controlling these traits (58) . Finally, a recent study (59) demonstrated that the action of sh4 in rice is not always sufficient to produce nonshattering phenotypes.
An additional question is whether the same genes underlie similar phenotypic shifts in numerous domesticated plants and animals. In other words, is there parallelism from the same underlying genetic and developmental pathways or convergent evolution of unrelated taxa using unrelated gene networks (60)? In grasses, such forms are particularly striking, and similar awned and awnless spikelets, hulled and free-threshing grain, black-, red-, and straw-colored seed coats are found in multiple domesticated cereals. The geneticist Vavilov termed this phenomenon the Law of Homologous Series (61) , and the first phase of comparative mapping in the grasses, using restriction fragment-length polymorphism markers, inferred QTL for shattering in rice, sorghum, and maize to be at the same location (62) . Further work has proved equivocal, since most genes for shattering in grasses are unique to each domesticated lineage (63) , though a recent study has shown that the major locus for shattering in sorghum corresponds to minor loci in rice and maize (64) . Nevertheless, some mutations in domesticates are in fact parallel mutations. For example, variants of the MC1R locus are responsible for independently derived pig coloration patterns (65) . Moreover, mutations at this gene appear to be associated with difference in color patterns in numerous domestic animals (66) . A similar example of parallel evolution is associated with the rise of sticky cereals in northeast Asia, where glutinous rice, millets, and barley, among others (41, 67) , are the result of alternative mutations at the Waxy gene (68) (69) (70) .
Whether mutations selected during domestication were novel or were present as standing genetic variation in ancestral wild populations is a question of increasing interest. It has traditionally been assumed that phenotypic change and new adaptations arise from new mutations, but recent research increasingly shows that standing genetic variation plays important roles in a variety of species (71) . For example, traits present as variants in wild progenitors today include the gene for tomato fruit size (fw2.2) (72), maize plant architecture (e.g., teosinte branched1) (73), seasonality controls (74, 75) , and seed size [usually polygenic (76) ]. Fast morphological evolution in cultivated plant popula-tions may have ensued as favorable phenotypes, including those initially exposed by genetic or external environmental perturbations in response to the new field conditions, may have been preferentially selected by farmers who were not constrained by mutation rates (77, 78) . Having said that, several traits in domesticated plants, including those associated with the reduction of seed-shattering in legumes and grasses, are deleterious in the wild, and if present, are rarely expressed phenotypically. In animals, analyses of modern dog genomes have revealed a handful of mutations (not found in extant wolves) with large effects on morphological variation, although given the predominance of selection for novel and unusual characteristics in dogs, this pattern is likely the exception (79) . In many other domestic animals, humans likely selected for trait variants that were already present in ancestral populations, thereby altering the frequencies of the standing genetic variation.
As success in isolating domesticationrelated genes proceeds, it should become easier to distinguish between standing and new genetic variation, as well as to recognize parallelism in de novo mutations among domesticated species. Additionally, as the availability of genome-wide sequence data for domesticated species increases, it is becoming increasingly feasible to use selective sweep mapping to identify genomic regions that have been targets of selection during domestication without a priori information on candidate domestication genes (e.g., ref. 80). Challenges associated with this approach include the fact that the trait or traits affected by the selected genes may not be known, that selection that favors a de novo mutation during the domestication process will generate a more conspicuous signature of a selective sweep than selection for mutations that were already segregating in populations of the wild progenitor, and that some demographic processes can mimic the effects of selection on patterns of genetic variation. Understanding the different genetic architecture of domestication across crop types and in animals remains a major challenge for genetic research.
One new promising direction is the study of ancient DNA. Our increasing ability to identify selected mutations for domestication-associated traits in archaeological plant and animal remains is providing a unique temporal trajectory of the evolution of domesticated species, and the selection strengths that acted upon selected genes. One such example tested claims that two different genes (TSHR and BCDO2) were involved in Larson early chicken domestication by typing the mutations in ancient European chickens. Because the wild-type alleles of both genes were segregating at a high frequency as recently as 500 y ago, the ancient DNA evidence demonstrated that the modern ubiquity of a mutation, even one that differentiates domestic and wild populations, cannot automatically be conflated with an ancient origin linked to early domestication (81) .
Key Challenges for the Future
The enormous amount of empirical data compiled on domestication and associated human-and naturally driven circumstances during the past decades has naturally led to the generation of a number of questions, some of which pose key future challenges.
Filling in Gaps on Maps
One of the fundamental challenges of domestication research is filling the gaps that remain in both geographical and genomic maps. Genetic research provides a growing toolkit for elucidating the relationships between domesticates and their wild ancestors, and between the traits that make domesticates suited to anthropogenic environments and their underlying genetic architecture. The successes of genetics, touched upon above, at identifying domestication genes have been numerous and mostly recent. Expanding this repertoire remains a priority, but it is increasingly evident that we also need more evidence from ancient DNA, so that patterns found in modern populations can be compared with those of the past, and geographies and phylogeographic and adaptive hypotheses can be tested over the evolutionary time period of domestication. In addition, archaeological research has many gaps on the chronology and regional sequences of domestication of plants and animals, and the contexts of agricultural origins. Recent research has shown that increased sampling and methodological developments have made it possible to clearly document cereal domestication [e.g., rice (82) ], push back the earliest evidence for both the domestication of maize in southern Mexico (83) and the arrival of crops in northern Peru (36) , and to recognize the likely independent processes of agricultural origins and domestication in New Guinea (45) , parts of India (84) , and Africa (85) . These research successes within the past decade imply that more new information on more species from more regions and earlier periods can be expected and should be actively sought.
Related to this are important continuing challenges in determining why so few of the animal and plant species that were hunted and gathered by ancestral human populations were ever domesticated (86) , and whether most species were domesticated once or multiple times. We recognize that distinguishing these options is complicated, and it is increasingly clear that incomplete archaeological evidence and genetic data are open to conflicting interpretation. This aspect highlights the importance of explicit modeling and simulation of a range of hypotheses concerning the starting conditions and processes of domestication (14, 87) . Factors potentially leading to confusion include the fact that multiple domestication episodes may be hidden from genetic view today as a result of both bottlenecks (in some cases leading to extinction) and introgression. Archaeobotany, for example, has increasingly recognized extinct morphotypes of domesticated wheat (88, 89) , and ancient DNA can help to identify lost genetic lineages of crops. Introduced domesticates may introgress with local wild populations, thus capturing genetic and phenotypic variation that can later be misinterpreted as the independent domestication of distinct wild animal (13) and plant (e.g., rice) (90-92) populations. Resolving these issues requires more targeted ancient DNA research and more realistic and sophisticated modeling.
Environmental and Ecological Contexts of Agricultural Origins
Although climate change remains the prime landscape and ecological modifier at the origins of agriculture, human behavior and the activities of diverse cultural traditions must be better understood. Beyond simply collecting more archaeological and paleoecological evidence, there is a need to broaden the study of past landscapes and their related ecosystems for both naturally derived features and the legacies of past human action. For example, more research should systematically map local and regional distributions of enriched soils, created through human activities, which are well known from Amazonia and Europe but much less well documented elsewhere (e.g., refs. 93, 94) . Vegetation formations studied by plant ecologists and environmental historians may also be anthropogenic legacies, as has been suggested for a number of regions including South Asia and throughout the Americas (45, 53, 95, 94) .
New or underdeveloped fields, such as ecological developmental biology (eco-devo) (96) and epigenetics (97)-together with mechanisms, such as developmental plasticity (98, 99) -are assuming increasing importance in the study of diversification, the origin of novelties, and evolutionary change. These fields should be extended to the realm of domestication research, in part because phenotypic and genetic responses to naturaland human-created environmental variability are among the most neglected issues in domestication studies. As recent work with teosinte has shown, field-and laboratory controlled experiments are needed to better understand them (99) . Another example is that although it has been inferred that large seed size was selected by soil disturbance and depth of burial (e.g., ref. 100) , as presumably seeds with the largest mass were better able to emerge from deeper burial depths associated with cultivation practices, others have suggested that seed size increase may be a plastic phenotypic response to enriched soils of early cultivation (101) . New experimental research (102) on different legume crops indicate seed mass was important for emergence in some species, including those predicted to conform to the burial hypothesis (60), but not in others, suggesting a common single mechanism for seed size increase was not at work. In another vein, Blumler's analysis (103) , suggesting that the Near East was unusually well endowed with large seeded grasses preadapted to domestication, might explain the early and diverse domestication of plants in that region. In addition, Marshall et al. (12) make the point that epigenetic mechanisms should also be investigated in animal genetic responses during the domestication process.
A few scholars have discussed the potential role of climate shifts and atmospheric gas concentrations on biota at the transition between the late Pleistocene and early Holocene. More specifically, the authors have suggested that agriculture was a more favorable strategy in the Holocene as a result of these environmental shifts (e.g., refs. 99, and 104-107). Lower CO 2 and temperature reduced plant productivity, in part by reducing photosynthetic efficiency, thus exacerbating drought stress: effects that were more marked on C3 plants but also present to a surprising degree in C4 plants. Did the rapid increase of CO 2 and temperature at the onset of the Holocene make plants more attractive as a readily intensifiable resource and make cultivation more efficient? As plant productivity increased, why would some cultural traditions delay the shift in cultivation until the middle Holocene, and how can we connect the adoption of animal herding to changes in plant productivity? Although important global processes have doubtless impacted foragers and early cultivators, a great deal more research is necessary to unravel the causes, constraints, and exceptions to the early or middle Holocene transitions to farming.
Further experimental data on the impact of late-glacial and early Holocene temperatures and CO 2 levels on the biological characteristics of wild progenitors of crops are needed to also understand how they may have influenced other phenotypic attributes of crop and animal progenitors on the eve of and during agricultural beginnings (99) . Just as genetic studies of domestication have shown that conclusions drawn only from modern populations provide an incomplete and sometimes biased picture of the past (81, 108, 109) , we need to better understand the interplay between past ecology, climate, plant phenotypic responses, and human activities.
Why Hunters and Gatherers Turned to Cultivation and Herding
Explaining the origins of agriculture is still one of the most contentious issues for social scientists. Few dispute that the interplay of climate, human demography, and social systems through time and space played a significant role (110) . Although some consider the primary driving factors to be patterns of climatic and ecological change, others argue for the primacy of social imperatives and changes within social systems (23, 24, 111) . More generally, some scholars have claimed that no explanations are likely to be universally applicable (112) , whereas others have adopted an explicitly comparative approach, identifying parallel processes and exploring common underlying patterns (7, 15, 25) . Further progress on this issue should focus not only on the acquisition of more data, but also on marshaling and discussing existing evidence, which may suggest which factors driving agricultural origins were of greater importance. In a number of nuclear centers there are now fewer disagreements about the cultural history of early agriculture (including the chronology and the organisms involved), which should make explanatory endeavors less complicated. As known instances of agricultural origins are further clarified, we will have more parallel histories of domestication from which to derive commonalities or process and patterns of causation.
Conclusions
The collection of papers presented in this Special Feature attempts to rise to the challenges outlined above. The articles illustrate a range of approaches to the study of domestication, including genetics, archaeological science, and anthropology, and raise new questions and hypotheses that are ripe for further testing. Even so, the new evidence and ideas presented here highlight a minority of the many species that were domesticated and subsequently improved by prehistoric cultures. Domes-tication remains a vibrant research area in biology and archaeology 145 y after Darwin's seminal work (1), and the coming decade will no doubt generate satisfying and perhaps definitive answers to a wide range of outstanding questions.
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